EK, Kissebah AH, Martin LJ, Olivier M. Serotonin (5-HT) receptor 5A sequence variants affect human plasma triglyceride levels. Physiol Genomics 42: 168 -176, 2010. First published April 13, 2010 doi:10.1152/physiolgenomics.00038.2010.-Neurotransmitters such as serotonin (5-hydroxytryptamine, 5-HT) work closely with leptin and insulin to fine-tune the metabolic and neuroendocrine responses to dietary intake. Losing the sensitivity to excess food intake can lead to obesity, diabetes, and a multitude of behavioral disorders. It is largely unclear how different serotonin receptor subtypes respond to and integrate metabolic signals and which genetic variations in these receptor genes lead to individual differences in susceptibility to metabolic disorders. In an obese cohort of families of Northern European descent (n ϭ 2,209), the serotonin type 5A receptor gene, HTR5A, was identified as a prominent factor affecting plasma levels of triglycerides (TG), supported by our data from both genome-wide linkage and targeted association analyses using 28 publicly available and 12 newly discovered single nucleotide polymorphisms (SNPs), of which 3 were strongly associated with plasma TG levels (P Ͻ 0.00125). Bayesian quantitative trait nucleotide (BQTN) analysis identified a putative causal promoter SNP (rs3734967) with substantial posterior probability (P ϭ 0.59). Functional analysis of rs3734967 by electrophoretic mobility shift assay (EMSA) showed distinct binding patterns of the two alleles of this SNP with nuclear proteins from glioma cell lines. In conclusion, sequence variants in HTR5A are strongly associated with high plasma levels of TG in a Northern European population, suggesting a novel role of the serotonin receptor system in humans. This suggests a potential brain-specific regulation of plasma TG levels, possibly by alteration of the expression of HTR5A. family study; single nucleotide polymorphism association; electrophoretic mobility shift assay THE METABOLIC SYNDROME has been recognized as an epidemic with a high risk for cardiovascular disease (CVD) and stroke. It is characterized by a cluster of features including abdominal-visceral obesity, glucose intolerance and insulin resistance, increased blood pressure, and a specific dyslipidemia characterized by increased plasma triglyceride (TG) levels, increased predominance of dense low-density lipoprotein (LDL) particles, and reduced high-density lipoprotein (HDL) cholesterol levels (22, 33). This dyslipidemia significantly contributes to the cardiovascular complications of the syndrome.
THE METABOLIC SYNDROME has been recognized as an epidemic with a high risk for cardiovascular disease (CVD) and stroke. It is characterized by a cluster of features including abdominal-visceral obesity, glucose intolerance and insulin resistance, increased blood pressure, and a specific dyslipidemia characterized by increased plasma triglyceride (TG) levels, increased predominance of dense low-density lipoprotein (LDL) particles, and reduced high-density lipoprotein (HDL) cholesterol levels (22, 33) . This dyslipidemia significantly contributes to the cardiovascular complications of the syndrome.
High levels of plasma TG are caused by multiple factors, but a substantial portion of the variation is genetically determined (2, 17) . However, only few genetic candidates have been discovered to date, and these only explain a small fraction of the total interindividual variation in plasma TG levels (20, 21, 35) .
To elucidate additional genetic factors that determine metabolic syndrome-associated lipid traits, we examined the Metabolic Risk Complications of Obesity Genes (MRC-OB) cohort, which includes 2,209 individuals of Northern European descent from 507 families residing in 10 Midwestern US states. A genome-wide linkage scan using microsatellite markers revealed a 5-Mb region on chromosome 7q36 that harbors a quantitative trait locus (QTL) linked to lipid traits including plasma TG levels [logarithm of odds (LOD) ϭ 3.7] and LDL cholesterol (LOD ϭ 2.2) (33) . This chromosomal region has repeatedly been associated with plasma TG levels (12, 23, 30) and thus may harbor major genetic determinants of this trait. The gene for the 5-HT receptor type 5A (HTR5A), encoding one of the five serotonin receptors in the human brain, is located at the peak of the linkage region.
Serotonin receptor subtypes have been identified in both animals and humans. These receptors belong to the G-proteincoupled receptor (GPCR) superfamily, and once activated by the ligand, serotonin, they undergo conformational changes and activate adenylyl cyclase (4) . Behavioral and pharmacological studies have shown the effect of the serotonin system on obesity and diabetes (3, 7, 37) .
In the brain, the hypothalamus regulates feeding behavior and energy balance by integrating signals from peripheral hormones, metabolites, and nutrients. Recent work has shown that the release of serotonin in the hypothalamus is closely coupled with the action of leptin and insulin in response to a short-term high-fat diet (3) . Signaling from insulin, leptin, and serotonin are interconnected and work cooperatively to maintain metabolic homeostasis. It is thus conceivable that sequence variation in genes encoding serotonin receptors affect obesity-related phenotypes. In fact, it has been shown that polymorphisms in the promoter region of the 5-HT 2C receptor gene are associated with obesity and diabetes (37) , as well as body mass index (BMI) and serum leptin levels (25) . A recent animal behavioral study also showed that mice carrying a mutant 5-HT subtype 6 receptor gene were significantly less sensitive to diet-induced obesity compared with control mice. This was reflected in reduced weight gain and fat accumulation, but only when mice were fed a high-fat diet (14) .
HTR5A has been associated with the genetic basis of psychiatric disorders such as autism, schizophrenia, mood disorders, and sleep disturbances (6, 10, 11) but has never been shown to directly influence obesity or its related traits. Based on our initial linkage findings, we investigated the association of sequence variants in HTR5A with plasma lipid levels. Our data presented here suggest for the first time that HTR5A affects plasma TG levels in our study cohort.
MATERIALS AND METHODS

Study Cohort
Cohort recruitment and individual phenotyping have been described previously (33) . In brief, families with at least two obese siblings (BMI Ͼ 30), the availability of one (preferably both) parent, and one or more never-obese sibling (BMI Ͻ27) were recruited from the TOPS ("Take Off Pounds Sensibly") membership in 10 Midwestern US states. Health information of all participants was obtained by a questionnaire, which included information on asthma, kidney or liver disease, hypertension, heart disease, stroke, thyroid disorders, diabetes, medications, menopausal status and hormonal therapy, weight history, and smoking history. Individuals were excluded from recruitment with the following conditions: pregnancy, type 1 diabetes, history of cancer, renal or hepatic disease, severe coronary artery disease, substance abuse, corticosteroids or thyroid dosages above replacement dose, history of weight loss of more than 10% in the preceding 12 mo, as well as individuals receiving lipid-lowering medications. Phenotypic measurements included BMI, waist and hip circumferences, as well as fasting plasma levels of glucose, insulin, total cholesterol, LDL cholesterol, HDL cholesterol, and plasma TG.
A total of 2,209 individuals distributed over 507 families of Northern European descent qualified for the above-mentioned criteria and were included in the initial linkage study. Based on these initial findings, 1,560 individuals were selected for further studies based on their contribution to the linkage on chromosome 7q36. All participants provided informed consent, and all protocols have been approved by the Institutional Review Board of the Medical College of Wisconsin.
Initial Single Nucleotide Polymorphism Selection
For the initial analysis, the genomic region harboring HTR5A interval was examined to select single nucleotide polymorphisms (SNPs) based on the linkage disequilibrium (LD) patterns of the Centre d'Etude du Polymorphisme Humain (CEPH) population genotyped as part of the HapMap project. We aimed to genotype one SNP every 5 kb, and selected tagSNPs by applying the tagging algorithm of Carlson et al. (8) with an r 2 cutoff of 0.8 to the CEPH data. For any region that is not covered by at least 1 SNP per 5 kb, additional SNPs were selected.
Resequencing
SNP discovery by resequencing was performed using 47 genomic DNA samples from unrelated subjects in the cohort. In addition, a HapMap CEPH sample was included as a reference. A 5-kb region covering a 3-kb promoter and the entire exon 1 of HTR5A gene were identified for resequencing. This 5-kb interval was divided into overlapping sections, which were then amplified by PCR using the primers and conditions described in Supplementary Table S1. 1 PCR products were purified using Millipore MultiScreen-FB plates (catalog no. MSFBN6B10); samples were mixed 1:1 (vol/vol) with binding buffer (7 M guanidine, 200 mM MES, pH 5.6) in the plate, and centrifuged at 1,000 g for 5 min to bind DNA to the membrane. The samples were then washed twice in 80% ethanol before being eluted in sterile distilled H 2O for sequencing. Sequencing was carried out using BigDye v3.1 chemistry (Applied Biosystems) with standard techniques and analyzed on an Applied Biosystems 3730xl DNA analyzer.
SNPs were identified by aligning all sequences using PolyPhred, and all putative sites were checked manually for confirmation. Results were independently confirmed by aligning all traces with the chromosome 7 reference sequence using the anchored alignment algorithm in PolyBayes. To remove potential redundancy from the genotyping and identify separate SNPs with identical genotypes, the genotypes of all SNPs were aligned using Visual Genotype (http://pga.mbt. washington.edu/VG2.html) to determine SNPs at different locations with identical genotypes.
Genotyping
Affymetrix 3K array genotyping. Genomic DNA from 1,560 individuals was normalized to 150 ng/l for genotyping on a customdesigned 3K GeneChip Universal Tag Array with the Affymetrix GeneChip Scanner 3000 7G MegAllele System (Affymetrix, Santa Clara, CA) based on Molecular Inversion Probe technology (15, 16) (ParAllele Bioscience, Santa Clara, CA), as recommended by the manufacturer. Briefly, probes are hybridized to genomic DNA flanking the location of a SNP, an enzymatic gap-fill reaction circularizes the probes in an allele-specific manner, and the probes are then separated from unreacted and cross-reacted probes by an exonuclease reaction. The circularized (or "padlocked") probes are inverted and amplified by PCR, and an allele-specific label is added; samples are then hybridized to GeneChip Universal Tag Arrays and scanned four times (once for each allele: A, C, G, T). Data were processed using the GeneChip Operating System version 1.3.0.031 (Affymetrix), and genotypes were determined by using the "cluster fit" function of TrueCall Analyzer version 7.0.0.22 (ParAllele BioScience). Genotypes for all samples were exported from TrueCall Analyzer version 7.0.0.22 (ParAllele BioScience); data files were transformed to linkage format for further analysis. Data were initially checked for relationship and genotyping errors using PedCheck version 1.1 (27) ; errors were corrected by removing all genotypes for a family at a discrepant SNP, as it was not possible to determine unambiguously which individual genotype was incorrect.
Genotyping using Invader technology. SNPs uncovered by resequencing were genotyped using Invader technology (Third Wave Technologies, Madison, WI) (28) . PCRs were designed to amplify products containing up to eight SNP loci, custom Invader assays were then designed for all SNPs using a commercial online platform (http://uip.twt.com/twt/uic/; Third Wave Technologies). Genotyping was carried out in a total volume of 6 l, containing 0.5 l PCR product, 0.02 l each primary probe, 0.002 l Invader probe, 1.12 l of 2.6 M betaine (Sigma, St. Louis, MO), 2.75 l TE buffer, 0.35 l Cleavase (Third Wave Technologies), and 1.24 l fluorescence resonance energy transfer mix (FRET mix, Third Wave Technologies). Reactions were denatured at 95°C for 5 min and then heated at 63°C for 15-120 min depending on individual SNP genotyping efficiency.
Association Analysis
Phenotype data of raw TG levels were first transformed into natural log (ln) to overcome the high-value deviation. Transformed data were examined for deviation from normality, and outliers that exceed at least 4 deviation units were removed from the data set. Twenty-eight publicly available SNPs across the 14.9-kb chromosomal region on chr7q36 that harbors the HTR5A gene, along with the 12 novel SNPs uncovered by resequencing, were examined for plasma TG association. For each SNP, a measured genotype approach was applied. Briefly, the effects of each single SNP genotype were modeled by assigning the homozygotes with values of 1 and Ϫ1, and the heterozygotes with values of 0, providing an additive model (13) . To account for the phenotypic correlation between family members, SNPs were individually screened as covariates using variance components analysis that had been implemented in the computer program, SOLAR ("sequential oligogenic linkage analysis routines") (1). An overall significance level for association (P Ͻ 0.00125) was based on a Bonferroni correction for 40 SNPs. All statistical models included age, sex, age by sex, age squared, age squared by sex, and diabetes status as covariates.
Bayesian Quantitative Trait Nucleotide Analysis
The quantitative trait nucleotide analysis using Bayesian model averaging and model selection (BQTN) has been developed (5) and demonstrated for successful identification of causative variants in a obesity study in the MRC-OB cohort (9) . The BQTN methodology estimates the posterior probability that a given SNP has a direct effect (assuming that all genetic variation has been assayed in the candidate locus). Using the posterior probabilities as weights, the posterior mean and variance of any parameter are easily calculated and can then be used to form a statistical test that will yield the correct experimentwide P value. Thus, this approach directly accounts for model uncertainty and provides a statistical estimate that a given SNP has a direct effect on the phenotype. This Bayesian model averaging and model selection procedure for QTN analysis is performed using the SOLAR computer package.
Electrophoretic Mobility Shift Assay
Human malignant glioma cell lines U-87 and D-54 were obtained from the American Type Culture Collection and maintained in RPMI-1640, supplemented with 2 mM L-glutamine, 100 mg/ml each of streptomycin and penicillin, and 10% fetal bovine serum, at 37°C with 5% CO 2. Complementary 41-mer oligonucleotides representing both allelic forms of the HTR5A promoter SNP (rs3734967, AϾG) were obtained commercially (Integrated DNA Technologies, Coralville, IA; see Table 2 ). Electrophoretic mobility shift assay (EMSA) was performed as described previously (24, 32) . Briefly, nuclear extracts were prepared from ϳ8 ϫ 10 7 cells. Protein concentrations were determined using the Bio-Rad protein assay kit. For EMSA, nuclear proteins (3 g) were preincubated for 10 min on ice with 1 g of poly(dI-dC) (Pharmacia) in a binding buffer (4% Ficoll, 20 mM HEPES, pH 7.9, 1 mM EDTA, 1 mM DTT, 50 mM KCl). Nuclear proteins were then incubated with biotin-labeled double-stranded oligonucleotide probes (20 fmol) for 30 min on ice, then analyzed on a 6% Novex DNA retardation gels (Invitrogen, Carlsbad, CA) and electroblotted onto a positively charged nylon membrane (Ambion, Austin, TX). Detection of protein/DNA complexes was achieved following incubation of the membrane with streptavidin-horseradish peroxidase and development with luminal substrate (Pierce, Rockford, IL). Light emission was captured on X-ray film.
RESULTS
The characteristics of the study subjects are summarized in Table 1 . These individuals are members of extended families ranging from 4 to 15 participants per family that contributed significantly (LOD Ͼ 0.001) to the observed linkage on chromosome 7q36.
For the analysis described in this study, we selected HTR5A as a positional candidate gene for the observed linkage as it is located at the center of QTL region. We therefore tested whether sequence variants in this gene are associated with altered plasma TG levels.
Initially, we selected 28 SNPs across the gene interval based on LD information from the HapMap consortium. These SNPs were genotyped in the 1,560 individuals using custom 3K GeneChip arrays. We identified 3 SNPs that were significantly associated with the lipid phenotype (P Ͻ 0.00125; Table 3 ). Of these variants, two SNPs (rs2873379 and rs1017488) were located within the putative promoter region (ϳ2.3 kb upstream of the start codon) of HTR5A gene (See Fig. 1) .
Next, we examined the effect of multi-SNP haplotypes on the original linkage with plasma TG. The analysis using haplotypes spanning LD blocks and comprised of HapMap SNPs revealed that the entire region spanning the HTR5A gene interval contains polymorphisms determining a substantial proportion of the linkage (LOD reduction Ͼ12%). A gene-centric haplotype analysis centered on the HTR5A gene was then conducted by testing haplotypes spanning different regions of the gene. Contiguous SNPs (rs1017488 to rs893112) that cover 2,303 bp upstream to 17,628 bp downstream of the HTR5A gene capture 26% of the observed linkage (Fig. 1, blue bar) . However, when the tested region is restricted to a smaller region of contiguous SNPs (rs1800883 to rs1730208), which span 19 bp upstream to 13,170 bp downstream of HTR5A, the LOD score was reduced by 5% (Fig. 1, yellow bar) . These results suggest sequence variants residing between or in LD with rs1017488 and rs1800883 may explain the majority of the contribution of HTR5A to the observed linkage, as illustrated in Fig. 1 . This region spans 2,284 bp upstream of the start codon, and as this is a potential promoter region, we hypothesized that SNPs located within this region exert their effect on plasma TG by modulating the expression of HTR5A.
To find the causal SNP(s) that may alter the expression of HTR5A, we resequenced a 5-kb region including the promoter, exon 1, and a small portion of the first intronic space in 47 unrelated individuals. This included 7 individuals with normal TG levels and 40 individuals with TG levels in the top 10th percentile from the MRC-OB cohort. A total of 23 SNPs including 9 novel polymorphisms were detected. Analysis using Visual Genotype (http://pga.gs.washington. edu/VG2.html) identified seven pairs of SNPs with identical genotype distribution across the 47 samples. Only one SNP of each pair was selected for subsequent genotyping, resulting in a set of 16 informative SNPs across the region of interest (Table 3) . Four of the 16 SNPs had previously been genotyped (rs2873379, rs1017488, rs1800883, rs2241859). The remaining 12 SNPs were genotyped in the 1,560 cohort using Invader assays.
Single SNP association with plasma TG was tested for each newly typed variant. Three SNPs were associated with plasma TG levels (P Ͻ 0.00125) and of these, two (rs2873379 and rs2698501) demonstrated strong association (P ϭ 4.8 ϫ 10
Ϫ4 and 2.6 ϫ 10 Ϫ4 , respectively; Table 3 ). The location of all SNPs relative to the exons of HTR5A is illustrated in Fig. 1 , and their allelic and flanking sequences are presented in Table 4 .
Using this complete set of sequence variants across HTR5A, we performed BQTN analysis to statistically identify the most likely causal variant(s) in the interval. Of the 40 HTR5A variants (Table 3) only three SNPs were identified as potentially (rs3734967; probability ϭ 0.59) or highly likely (rs1436818 and rs1730182; probability ϭ 0.97) causal variants. SNP rs3734967 is located in the putative promoter region of the gene (position Ϫ102), and the other two variants (rs1436818 and rs1730182) are 3= to the last exon (9 kb and 14 kb, respectively).
Allele-specific phenotypic means of plasma TG levels for the promoter SNP rs3734967 suggest that the G allele increases levels of plasma TG, with GG homozygotes having a 15% increase in plasma TG levels (138.48 vs. 120.05 mg/dl) relative to homozygotes for the A allele. This effect seems to be additive, with heterozygotes having an intermediate TG level (Table 5) . Individuals homozygous for the C allele of rs1730182 have on average an increase in plasma TG levels of 11.5% (131.68 vs. 118.11 mg/dl), and the effect of the C allele seems to be dominant (Table 5 ). This effect is mirrored by the alleles of rs1436818. In all cases, the minor allele is associated with the increase in plasma TG levels.
In testing the impact of these three variants on the original linkage signal, we found each SNP only minimally affects the LOD score. However, the three SNPs combined result in a 16% reduction in the LOD score. Since HTR5A is exclusively expressed in the brain, it is difficult to measure genotype-specific gene expression directly. To explore how the statistically causal promoter variant of HTR5A (rs3734967) may exert its effect, we performed EMSAs to test whether the two alleles have different protein binding affinities in vitro. Nuclear proteins from two different glioma cell lines consistently exhibit distinct gel shift patterns between the two allelic forms of rs3734967 (Fig. 2) . These results suggest that rs3734967 may affect TG levels by modulating the binding of transcription factor(s) or other nuclear proteins to the promoter of HTR5A.
DISCUSSION
The serotonin system is intricately involved in central metabolic balancing (3, 25, 29) . Consequently, sequence variants in serotonin receptor genes have been shown to be associated with obesity and diabetes-related traits (25, 37) . In our genome-wide linkage analysis of plasma TG levels, we identified a QTL on chromosome 7q36. Since a serotonin receptor gene, HTR5A, is located at the center of the region, we tested the involvement of this gene in the regulation of plasma lipid levels. As our data demonstrate, we identified associated sequence variants in this gene that affect plasma TG in an obese cohort of Northern European descent. While the mechanism by which this receptor influences plasma lipids remains unclear, our data suggest that the associated promoter SNP (rs3734967) may result in altered transcription factor binding and thus modified gene expression. However, this variant alone explains only a small fraction (Ͻ1%) of the total variation in TG levels, 
MAF, minor allele frequency. suggesting that additional functional variants in this gene as well as in other genes in the QTL interval also contribute to the observed linkage effect. All three of the identified putative causal variants in HTR5A combined account for 16% of the observed linkage. Therefore, it is likely that future comprehensive analyses of the QTL region will uncover additional genes and sequence variants that contribute to the altered lipid profile in our study cohort and explain the remaining fraction of the linkage effect. The G allele of the promoter SNP rs3734967 appears to be the risk allele for elevated TG levels in our cohort and results in a 15.4% increase in TG levels in individuals homozygous for the G-allele compared with A-allele homozygous individuals. Functional analysis of the promoter SNP using EMSA resulted in distinct protein binding patterns of each of the two alleles, suggesting this SNP may exert its influence on the gene expression by modulating promoter binding with unknown transcription factors. However, the putative mode of action for the other two variants identified in our analysis remains to be elucidated.
As demonstrated by the haplotype analysis, there are likely other variants in or around HTR5A that significantly contribute to the effect seen in our linkage study. These may be rare variants that were not uncovered in our resequencing efforts or may be located in other coding or regulatory regions surrounding the gene. Thus, it is likely that further resequencing of the genomic interval will help uncover additional causal variants that combine to explain a significant proportion of the observed linkage on chromosome 7q36.
Increased plasma TG levels are a fundamental feature of the metabolic syndrome in humans. This form of dyslipidemia significantly contributes to the cardiovascular complications of the syndrome. Both genetic and environmental factors contribute to the etiology of this dyslipidemia, but the underlying genes and mutations are virtually unknown. Recently, a metaanalysis study combining seven genome-wide association studies (GWAS) on polygenic dyslipidemia in more than 40,000 individuals was performed to identify novel genes that alter plasma TG levels (21) . Although several new genes and polymorphisms were identified (in addition to previously reported associated genes), the polymorphisms identified in this study explain less than 15% of the interindividual variance in plasma TG levels in any of the study populations. HTR5A gene variants did not show significant association with the same lipid traits examined in these studies (20, 21, 35) , and no other variants on chromosome 7q36 were identified despite the successful replication of the linkage finding in numerous other studies. This lack of replication in the results from GWAS and linkage studies needs to be further explored. At this point, it is unclear whether the lack of replication is due to the study design (e.g., SNP selection) or the different population structures or histories. Only specific testing of putative causal variants directly in extensive cohorts and population-based samples will help validate the role of HTR5A in lipid metabolism.
With its prominent role in regulating feeding behavior and energy homeostasis, the central nervous system likely affects obesity and related metabolic phenotypes. This has been supported by a number of recent studies on obesity. At least five genes related to neuronal function have been identified in GWAS studies of BMI published last year (26, 34, 36) . Our discovery of a serotonin receptor gene significantly influencing the plasma TG levels also underscores the important role of the brain in regulating obesity-related metabolic pathways. Our results provide the first in-depth evidence of a serotonin receptor gene contributing to plasma lipid regulation, an important risk factor in obese individuals for developing CVD and stroke. Additional functional studies will be necessary to unveil the underlying cellular and physiological mechanisms of how this receptor affects plasma TG levels and may help uncover novel pathways and targets for future lipid-lowering therapies to reduce the CVD risk. 8) . Oligos carrying rs3734967 and its surrounding sequence were assayed for binding capabilities with proteins from the two types of nuclear extracts. A pattern is consistently observed in both cell lines showing that the G allele (lanes 4 and 8) binds unidentified protein factors, causing a mobility shift in the electrophoresis. This pattern does not appear for the A allele (lanes 3 and 7) , nor for the A or the G allele when no nuclear protein is applied (lanes 1, 2, 5, and 6) . The arrow points at mobility shift of oligonucleotides with the G allele caused by differential protein binding. Results are representative of at least 4 separate experiments.
